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SUMMARY 

The hot isostatic pressing of reaction bonded S i 3 N 4 containing Y 2 O 3 pro- 
duced specimens with greater room temperature strengths than those by high 
pressure nitrogen sintering of the same material. Average room temperature 
bend strengths for hot i sostatical ly pressed reaction bonded silicon nitride 
and high pressure nitrogen sintered reaction bonded silicon nitride were 767 
and 670 MPa respectively. Values of 472 and 495 MPa were observed at 1370 °C. 
For specimens of similar but lower Y 2 O 3 content produced from S i 3 N 4 powder 
using the same high pressure nitrogen sintering conditions, the room tempera- 
ture strength was 664 MPa and the 1370 °C strength was 402 MPa. The greater 
strengths of the reaction bonded silicon nitride materials in comparison to 
the sintered silicon nitride powder material are attributed to the combined 
effect of processing method and higher Y 2 O 3 content. 


INTRODUCTION 

In recent years, Si 3 N 4 and other Si-based ceramics have been studied as 
potential replacements for superalloys in high temperature environments. 

Their superior strengths make them likely candidates; however, they do not 
match the superalloys in reliability and fracture toughness. One approach to 
remedy these deficiencies in Si 3 N 4 has emphasized material strength improve- 
ment by the reduction of critical flaws in the S i 3 N 4 microstructures. The 
focus of the present study has been on flaw reduction in dense Si 3 N 4 
through heat and pressure treatment of porous reaction-bonded Si 3 N 4 . Experi- 
ments involved the post-ni tridation densification of reaction bonded S i 3 N 4 con 
taining Y 2 O 3 by either hot isostatic pressing (HIP) or high pressure N 2 (HPN) 
sintering. Processing effectiveness was evaluated by bend strength tests at 
room temperature and at 1370 °C. 

Reaction bonded Si 3 N 4 is a desirable starting material because it can be 
up to 85 percent dense and therefore easily machined to near net-shape. The 
addition of a sintering aid, such as Y 2 O 3 , and an extra heat treatment are nec 
essary to density the material fully and to increase its strength to desired 
levels. This approach has been investigated by other researchers (refs. 1 to 
9). A summary of their results follows. Giachello and Popper (ref. 1) and 
Mangels and Tennenhouse (refs. 2 to 4) conducted similar studies and were the 
first to report on the post sintering of RBSN containing Y 2 O 3 . In both pro- 
jects the Y 2 O 3 was added to the Si powder prior to nitridation to obtain a 
final level of 8 wt %. (This level of Y 2 O 3 was chosen as the optimum level 
for both densification and high temperature strength retention.) Giachello 
and Popper used a sintering temperature of 1800 °C and N 2 at atmospheric pres- 
sure. Mangels and Tennenhouse sintered at 1825 to 1925 °C and 2.07 MPa N 2 . 


Further work by Govila, Mangels, and Baer (ref. 8 ) involved a sintering temper- 
ature of 1975 °C, a pressure of 10 MPa N£, and a 2-stage sintering cycle. 

Other work on RBSN with Y 2 O 3 was performed by Pompe, Hermansson, and Carlsson 
(ref. 5) and by Falk, Pompe, and Dunlop (refs. 7 and 9). This differed from 
the preceding work in that S i 3 N 4 was mixed with Si and Y 2 O 3 prior to nitrida- 
tion for the purpose of minimizing shrinkage. They reported 98 percent theo- 
retical density and 11 to 12 percent total shrinkage for specimens sintered at 
1870 °C and 1 atm N 2 . 

The present study was based on RBSN to which Y 2 O 3 had been added prior to 
nitridation. Specimens were separated into two groups, one which was post- 
sintered at 2140 °C under 5.0 MPa N 2 and a second which was hot i sostati cal ly 
pressed at 1900 to 2050 °C under 138 MPa Ar. Strength averages were compared 
by statistical analysis using Student's t-test. Additional analysis included 
SEM for characterization of the general microstructure and critical flaws and 
TEM for characterization of the grain boundary phase. 


EXPERIMENTAL PROCEDURE 

Fine powder was prepared by milling as-received minus 325 mesh (44 pm) 
silicon powder with 13.0 wt 7„ Y 2 O 3 in a steel attrition mill. This level of 
Y 2 O 3 was calculated to yield 8.0 wt 7« Y 2 O 3 in Si 3 N 4 after nitridation and 
post-sintering Si loss. A powder batch weighing 300 g was mixed with 1.25 
liters normal heptane and milled in air for 7 h. The milling media consisted 
of 3.2 mm diameter stainless steel balls with a media to powder weight ratio 
of 40:1. The resultant slurry was separated from the ball charge and 
air-dried to produce a friable powder cake. This was later passed through a 
70 mesh (212 pm) sieve to facilitate preparation of test bars. Chemical 
analysis and specific surface area data are given in Table 1. 

Test bars were made from the milled powder by cold compacting 1.6 g of 
powder containing no binder in a two-way-action tungsten carbide lined steel 
die at a pressure of 70 MPa. These bars were subsequently cold i sostati cal ly 
pressed at 350 MPa to green dimensions of 3.60 by 0.75 by 0.39 cm. Average 
green density was 62 percent of the calculated theoretical value of 2.50 g/cc 
for 87 wt 7. Si - 13 wt 7. Y 2 O 3 . 

Weighed and measured test bars were placed on RBSN setters in groups 
varying from 12 to 23 bars. These in turn rested on high purity alumina trays 
which were placed in furnaces composed of high purity alumina tubes and exter- 
nal silicon carbide heating elements. After the furnace tubes were sealed and 
leak-checked, a flow of high purity He of 500 ml/min was established and the 
furnaces were purged for 2 h. The temperature was then increased linearly 
over a 4 h period to 1150 °C. The bars were sintered at 1150 °C for 4 h and 
allowed to cool to ambient temperature. At the completion of the sintering 
cycle, the He flow was stopped and an N 2 - 4 vol 7» H 2 flow of 10 ml/min was 
established. Both gases were purified to remove oxygen prior to introduction 
into the furnace. Exit gas from the nitriding furnace was passed through an 
oil filled bubbler which produced a back pressure of 0.023 MPa. Specimens 
were then nitrided following a cycle developed by Mangels and Williams (ref. 
10). This schedule was of 140 h duration and had a maximum temperature of 
1400 °C. The average specimen density after nitridation was 73 percent of the 
calculated theoretical value of 3.28 g/cc for 92 wt t S i 3 N 4 - 8 wt 1 Y 2 O 3 . 


2 


The test specimens were then divided into 2 groups of 45 for hot isostatic 
pressing and HPN sintering. Test bars receiving an HPN sinter were heated 15 
at a time in a tungsten cup with a loose-fitting tungsten lid inside a water 
cooled double-wall furnace. The bars were separated from one another and from 
contact with the tungsten cup by BN discs. The loaded tungsten cup was placed 
on a tungsten pedestal with the axis of the pedestal centered in a 10.2 cm 
diameter tungsten mesh heater. Surrounding the heater were concentric W and 
Mo radiation shields. The sintering temperature (2140 °C) was monitored and 
controlled with W-5Re/W-26 Re thermocouples. Sintering time was 2 h in a 
static N 2 pressure of 5.0 MPa. Heating from R.T. to 2140 °C was at an approxi- 
mately linear rate and accomplished in 45 min. Nitrogen pressure rise was 
also approximately linear, increasing from 0.7 MPa at the start of heating to 
5.0 MPa within 60 min. 

Those specimens subjected to HIP were clad in preformed Ta cans (0.05 cm 
thick) which had been coated with BN to prevent sticking. Prior to the final 
electron beam closure weld on the cans, specimens and cans were baked out in 
vacuum at 1000 °C for 2 h. Leak testing consisted of placement of the sealed 
cans under 6.9 MPa He pressure followed by immersion in alcohol and observa- 
tion for bubbles. The Ta cans were then collapsed by cold isostatic pressing 
(414 MPa) to minimize deformation during HIP and rechecked for leaks. Canned 
specimens were placed in a graphite furnace housed within the HIP unit which 
had a 15 cm diameter by 15 cm long hot zone with a temperature uniformity of 
7,10° at 2000 °C. The heat shield surrounding the hot zone was in the form of 
an inverted can and was fabricated from graphite and graphite wool. Specimens 
were then heated for 2 h at 1900 °C under 138 MPa Ar. Temperature was moni- 
tored with W-5Re/W~26 Re thermocouples having high purity BN for insulation. 

The Ta cans were removed from the specimens after HIP by oxidizing them in air 
at 1000 °C for 3 h. Of the original 45 test bars, 33 were lost due to break- 
age, related to nonuniform Ta can deformation. 

Test specimens were prepared for strength testing by longitudinally grind- 
ing the major faces of the test bars with a 400 grit diamond wheel and bevel- 
ing the long edges 0.12 mm. The final test bar cross section was 0.28 by 
0.56 cm. Density measurements on machined test bars showed that 100 percent 
of theoretical density was attained by both HPN sintering and for HIP. Four 
point flexural strength tests were conducted at RT and 1370 °F. Steel fix- 
tures having inner and outer spans of 9.53 and 19.05 mm, respectively, were 
used for room temperature tests. Elevated temperature tests were conducted 
using SiC fixtures with the same spans in an SiC muffle furnace mounted on a 
universal testing machine. All tests were conducted in air at a crosshead 
speed of 0.5 mm/mi n. 

Additional analysis included chemical analysis of specimens after final 
heat treatment, SEM of fracture surfaces, and TEM examination of intergranular 
character. 


RESULTS AND DISCUSSION 

In this section, strength and microstructural data will be compared for 
HPN sintered RBSN and HIP'd RBSN. This data will also be compared to 
previously reported data on NASA composition 6 Y, a sintered Si 3 N 4 containing 
6.2 wt % Y 2 O 3 and 0.13 wt °L Fe which was HPN sintered under the same condi- 
tions (ref. 11). (Batches 15 and 16 reported in reference 11 are referred to 
in this report as NASA 6 Y baseline.) 
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Table II shows a comparison of sintering results for HPN sintered RBSN 
with Y 2 O 3 and NASA composition 6 Y baseline. Weight loss comparison with HIP'd 
RBSN was not feasible since this material had been canned in Ta. As expected, 
lower shrinkage and weight loss was obtained for RBSN bars in comparison to 
pressed S i 3 N 4 powder bars. The density difference is likely due to the higher 
Y 2 O 3 and Fe levels in the RBSN based material since both materials were 
essentially pore-free. 

A summary of strength data for room temperature and 1370 °C is shown in 
Table III. Statistical analysis consisted of F-tests (comparisons of 
variances) and Student's t-tests (comparisons of means) at the 95 and 99 per- 
cent significance levels. All variances were found to be equal indicating 
that basic processing steps produced the same effects for all specimens. The 
t-tests indicated that: (1) the room temperature strength of HIP'd RBSN was 
greater than that of either HPN sintered RBSN or NASA 6 Y at the 95 percent 
significance level; (2) HPN sintered RBSN and NASA 6 Y showed equal strength; 

3) the 1370 °C strength of HIP 'd and HPN sintered RBSN were equal; and 4) the 
1370 °C strengths of both HIP'd and HPN sintered RBSN were greater than that 
of HPN sintered NASA composition 6 Y baseline at the 99 percent significance 
1 evel . 


Neither SEM fractography nor mi crostructural analysis could account for 
the differences in strength. Critical flaws for all three materials were simi- 
lar in size and diversity of shapes. Grain sizes and morphologies were simi- 
lar. Likewise, TEM showed noncrystalline grain boundary phase for all of 
these materials. Representative micrographs showing a typical subsurface pore 
fracture origin obtained by SEM and the amorphous grain boundary phase obtained 
by TEM are shown figures 1 and 2 respectively. 

The relative strengths of the materials studied are attributed to several 
different factors. These are described below in the same order as the relevant 
statistical statements. 

1. The greater room temperature strength of HIP'd RBSN-base material over 
HPN sintered RBSN and NASA 6 Y baseline is believed to result from the healing 
effects of HIP pressure on very fine cracks associated with the observed 
critical flaws. 

2. The similar 1370 °C strengths of the RBSN-base materials are due to 
softening of their grain boundary phases which are identical in composition 
and phase. 

3. The greater 1370 °C strength of the RBSN-base material over NASA 6 Y 
baseline is likely due to a higher Y 2 O 3 content and more refractory grain 
boundary phase in the RBSN and also to the effect of HIP pressure on flaw 
severi ty. 

Recent work by Sanders and Baaklini (ref. 11) show improvements in the 
strength of NASA 6 Y with improvements in powder processing techniques. Similar 
benefits would be expected for RBSN materials. 


CONCLUDING REMARKS 

In this study, the RBSN route to a fully dense S i 3 N 4 material by hot iso- 
static pressing or high pressure nitrogen sintering has been demonstrated. 
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The fully dense RBSN-base materials were stronger than a sintered S i 3 N 4 mate- 
rial of similar composition. When employing high pressure nitrogen sintering, 
the RBSN-base material suffers less weight loss and shrinkage than the Si 3 N 4 
powder-base material. These are beneficial attributes when considering 
component shapes for high temperature applications. 
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TABLE I. - CHARACTERIZATION OF MILLED, NITRIDED, AND SINTERED MATERIAL 


Materi al 

Major components 3 

Chemi cal 

anal ysi s 


Si , 
wt % 

s :tr 

Y2 ! 3 y 

wt fo 

wt% 

ppm 

Milled powder^ 

87 

— 

13 

0. 1A1 , 1 .OC, 1 .7Fe, 
6.60, 0 . 4Sn 

50B , 0.2Ca, 640Cr, 720Mn, 
240T i , <0 . 1 Zr 

Nitrided RBSN 


89.3 

7.1 

0.2C, 1 .9Fe, 2.90 5.6Y 

990A1, 200Ca , <0.01Co, 
450Cr, <0.02Cu, <0.005Mg, 
lOOMn, <0.05Mo, <0.05Ni , 

1 60T i , <0 . 005V , <0 . 003Zn 

hpn 2 srbsn 


89.1 

7.1 

0.05C, 1 . 9Fe, 2.80, 
5.7Y 

950A1 , 200Ca , <0.01 Co, 
470Cr , <0.02Cu, <0.005Mg, 
31 OMn , <0.05Mo, <0.05Ni , 

1 70T i , <0 . 005V, <0 . 003Zn 

HIP'D SRBSN 


89.4 

7.1 

0.1C, 1.9 Fe, 3.10, 
5.6Y 

980A1 , 1 90Ca , <0.01Co, 
450Cr , <0.02Cu, <0.005Mg 
360Mn <0.05 Mo, <0.05Ni 
1 60T i , <0 . 005V, <0 . 003Zn 


a As added for milled powder; calculated for other materials based on chemical analysis. 
“Specific surface area from 3-point BET, 14.2 nr-/q. 


TABLE II. - SINTERED RESULTS FOR RBSN AND Si 3 N 4 POWDER COMPACTS 


SINTERED AT 2140 °C FOR 2 HR UNDER 5 MPa NITROGEN 


Material 

Sintering result 


Weight loss, 
percent 

Width shrinkage, 
percent 

Machined density, 
g/cm 3 

RBSN 

1.52 

10.4 

3.29 

S i 3 n 4 powder 3 

4.77 

17.0 

3.22 


a For NASA composition 6Y, ref. 11. 


TABLE III. - STRENGTH STATISTICS FOR HIGH PRESSURE NITROGEN SINTERED RBSN 
WITH Y 2 0 3 , HIP'D RBSN WITH Y 2 0 3 , AND HIGH PRESSURE NITROGEN SINTERED 


NASA COMPOSITION 6Y 


Materi al 

Four-point flexural strength 

Temperature, 

°C 

Number of 
bars 

Average strength, 
MPa 

Standard deviation, 
MPa 

HPN 2 Sint. RBSN 

RT 

14 

670 

77 


1370 

15 

495 

50 

HIP’D RBSN 

RT 

5 

767 

69 


1370 

14 

472 

55 

NASA 6Y (ref. 11) 

RT 

19 

664 

85 


1370 

20 

402 

52 
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FIGURE 1. - SCANNING ELECTRON MICROGRAPHS OF ROOM TEMPERATURE FRACTURE ORIGIN IN HIGH PRES- 
SURE NITROGEN SINTERED RBSN. 
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(A) BRIGHT FIELD MICROSTRUCTURE (GRAIN BOUNDARY (B) DARK FIELD MICROSTRUCTURE (GRAIN BOUNDARY PHASE 

PHASE APPEARS DARK). APPEARS LIGHT). 

FIGURE 2. - TRANSMISSION ELECTRON MICROGRAPHS DELINEATING AMORPHOUS GRAIN BOUNDARY PHASE FOR HIGH PRESSURE NITRO- 
GEN SINTERED RBSN. 
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